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Abstract 
 
As increasing interests about structural safety due to occasionally occurring collapse of structures 
and social infrastructures, efforts to identify and monitor the current state of structure are also increasing. 
Recently, most structures have been built of concrete, so identification of safety level of concrete 
structures becomes a critical issue. One of such techniques is to evaluate the current stress state in 
concrete. This technique is essential in various fields involved in an investigation of tensile stress of 
tendons in pre- and post-tensioned structures, building remodeling which needs to remove bearing walls 
and adds other foundations, and identification of load distribution in enlarged concrete structures. In 
other words, current stress level in concrete is an important factor to check the safety level of the 
structures in service.  
Although it is obvious that a technique for estimating the static stress level of concrete is essential, 
the method to identify the stress state of the currently used concrete structure is definitely limited. 
Several efforts for estimating the current stress state have been developed in previous research, 
including a stress-strain relationship based on elastic theory and a stress relaxation method (SRM) for 
concrete. These methods in the previous researches have made a certain contribution in this field but 
practical use in real structures is still inadequate. Therefore, an objective of this study is to develop a 
static stress estimation technique which can be applied to real concrete structures. This study proposes 
a method that can measure the static stress level of concrete by incorporating SRM and computer vision-
based image processing. Applying a small damage to concrete specimen can release the current stress 
state and induce stress field change inside concrete around the damage. Computer vision-based 
measurement can measure the deformation due to this stress field change. This deformation 
measurement is used in the static stress estimation algorithm developed in this study. The proposed 
method is validated using several concrete specimens and consequently demonstrates the performance. 
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CHAPTER 1. INTRODUCTION 
 
Concrete is the most commonly used construction material in the world. A wide variety of current 
structures are constructed with concrete since it has a number of advantages; low price, casting to any 
desired shape, high compressive strength and durability. As tremendous people use these structures, the 
issue to maintain and manage the structures is becoming more important for sustainable and safe society. 
According to increasing interests about the safety of concrete structures due to preventing collapse of 
structures and social infrastructures, efforts to identify and monitor the current state of the structure are 
also increasing. Recently, most structures have been built with concrete, so identification of safety level 
of concrete structures becomes a critical issue.  
One of the poor properties of concrete is that concrete is a brittle material, which is vulnerable to 
sudden failure. Thus, notification of the current concrete state in structures is essential to prevent 
unexpected collapse. One significant information in structures is to recognize the current stress level in 
concrete. The current stress state in concrete is an essential factor to check the deterioration and the 
current load distribution of structures in service. Technique to evaluate the stress condition in the 
concrete becomes a critical issue. Various fields require to develop this technique involved in tensile 
force measurement in a tendon of PSC bridges and architectural building remodeling [1-3]. However, 
once the structures have been built with concrete, identification of the stress level in concrete is 
challenging work. Despite its importance and usefulness, relatively little effort has been reported to 
developing the stress evaluation of concrete structures. In other words, identification of load distribution 
and current stress state inside concrete remains a challenging task even though this information is a 
significant issue to monitor safety of concrete structures.  
In most cases, stress condition in concrete structures was investigated by calculating standardized 
formula [4]. However, the theoretical formula cannot satisfy various environmental and individual 
structural conditions, and this problem can induce to provide incorrect stress estimation results. To 
supplement the conventional method, several approaches to estimate current stress condition in concrete 
have been developed [5-11]. The commonly used method is using stress-strain relationship. Many 
researches had been conducted to establish the relationship between stress and strain of concrete [5-8] 
in various conditions. Saetta et al. [9] examined stress analysis considering thermal effects on the 
concrete based on stress-strain analysis. Fedele and Maier [10] conducted flat-jack tests and numerical 
simulation for the identification of stress states in concrete dam. Meanwhile, a stress relaxation method 
(SRM) for stress estimation is becoming widespread. SRM is a technique to measure a residual stress 
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in object by applying small damage. A variety of researchers chose this technique to estimate in-situ 
stress in concrete [12-20]. In their researches, deformation was measured with strain gauges or vision-
based measurement technique and this information is converted to the in-situ stress estimation based on 
elastic theory. These researches have some limitations in being applied to real structures which may 
include uncertainties of the concrete, particularly elastic modulus, the limited number of measurement 
points and applying large size of damage that may cause the structural problem although they have 
made some contribution in this field.  
In addition to SRM technique, digital image correlation (DIC) is selected as a vision-based digital 
image processing technique in previously mentioned research cases [14,16,18,19]. By making a small 
damage on the concrete surface, the current static stress level in concrete can be released and the 
corresponding released deformation near a damage can be recognized by a DIC technique. One of great 
advantages is that DIC can entirely measure the deformation at the user-desirable region. Using DIC, 
full-field deformation measurement can be performed, and it is subsequently used to estimate the 
current static stress in concrete. 
This study presents that the static stress in the concrete can be estimated using both stress SRM 
technique and computer vision-based digital image processing while minimizing damage size. Static 
stress estimation algorithm has been developed to identify the optimal static stress in concrete. 
Parametric analysis is conducted to determine the hole size including diameter and depth. By using the 
algorithm and parametric analysis, the experimental errors can be calibrated which may include 
ununiform and inhomogeneous loading distribution and the abnormal state of the concrete specimen. 
The proposed method including the developed optimization algorithm is validated through laboratory-
scale experiments on several concrete specimens and demonstrated its performance within 15 % error. 
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CHAPTER 2. RESEARCH BACKGROUND 
 
The objective of this study is to estimate static stress in concrete. In this chapter, some explanation 
of the research background which was used in this study is provided to help understanding. First, 
previous research for concrete stress estimation is summarized, then the stress relaxation method which 
is one of the commonly used methods for concrete stress estimation is followed. This study uses the 
stress relaxation method with computer vision-based deformation measurement technique, and digital 
image correlation technique is selected for vision-based measurement. So, a description of the digital 
image correlation is subsequently followed. 
 
2.1 Previous research for concrete stress estimation 
 
In recent years, a number of researchers have recognized the need for concrete stress estimation 
techniques and several approaches to estimate the current stress condition in concrete have been 
developed. First approach was the method using stress-strain relationship of concrete. Some researches 
had been conducted to establish the relationship between stress and strain of concrete and to investigate 
the concrete stress state based on strain measurement [5-8] in various conditions. Saetta et al. [9] 
examined stress analysis considering thermal effects on concrete dam and box-girder based on stress-
strain analysis using a numerical method. However, the method using stress-strain relationship of 
concrete has some limitations. Since the initial stress state of concrete cannot be known, only the amount 
of stress change due to external load after strain gauge attachment can be known according to elastic 
theory. Other approach was the method using numerical simulation. Fedele and Maier [10] conducted 
flat-jack tests, numerical simulation and inverse analysis for the identification of stress states in concrete 
dam. In particular, Fedele et al. [11] proposed an experimental-numerical strategy for identification of 
in situ stresses in concrete dams using numerical validation and neural networks which was used in 
parameter identification.  
Meanwhile, the stress relaxation method (SRM) is newly becoming widespread for stress 
estimation in concrete. In Korea, Park and Kim [4] suggested a practical method for estimating the 
concrete stress state in existing concrete structures using ‘partial sectioning method’ which is a kind of 
SRM techniques (see Figure 1). In their research, the effect of cutting interval (d in Fig. 1) and cutting 
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depth (h in Fig. 1) was considered and optimal values were found and used in partial sectioning method 
using FE analysis. The developed method was validated in actual existing concrete bridges and the 
results showed the feasibility with improving reliability comparing to theoretical calculations. 
 
 
Figure 1. Experimental configuration for partial sectioning method [4] 
 
2.2 Stress Relaxation Method (SRM) 
 
A stress relaxation method (SRM) is a semi-destructive technique that assesses the current stress 
state by applying a small damage. The applied small damage in a stressed object can make the change 
of initial stress condition and lead to small deformation near the damage. SRM is a method to measure 
this deformation and estimate the residual stress. The SRM was first developed in the 1930s [21] and 
among several SRM technique, the most widely used methods are hold-drilling method and core-
drilling method (or often called ring-core method) [22] as illustrated in Fig. 2 and rosettes strain gauges 
for residual stress measurement which was in hole-drilling method [23] are illustrated in Fig. 3. Hole-
drilling method is an effective way to evaluate a residual stress condition with relatively less destructive 
and low cost. This method had been prescribed and updated in the ASTM standard by many researchers 
[24-26]. Core-drilling method needs a relatively larger diameter core than that of the hole-drilling 
method. This method is less affected to various error factors such as measurement and cutting tools. A 
number of researches using SRM have been implemented in various fields [27-31] and SRM have been 
demonstrated to be an effective technique for estimating the residual stresses in the object.  
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Figure 2. Comparison between hole-drilling and core-drilling [22] 
 
 
Figure 3. Rosette strain gauges for residual stress measurements in hole-drilling method [23] 
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Efforts to apply the SRM to concrete have been conducted (see Fig. 4). Owens [12] firstly 
introduced the SRM using strain gauges to estimate the in-situ stress in concrete. Since concrete is a 
heterogeneous material and it can cause unintended and random responses during SRM, core-drilling 
method had been generally preferred in concrete for SRM [13-20] rather than hole-drilling method. 
Parivallas et al. [17] used vibrating wire strain gauges to measure released strain and suggested 
calibration coefficient to estimate in-situ stress of concrete. Trautner et al. [18] and McGinnis and 
Pessiki [19] measured static stress condition with a 10% error on pre-stressed concrete beams using 
core-drilling method. Ruan and Zhang [20] worked on in-situ stress identification using core-drilling 
and influence function and estimated stress about 10% error on the concrete specimen. Table 1 shows 
the summary of the previous SRM researches. 
 
 
  
(a) Parivallas et al. (2011) [17] (b) Trautner et al. (2011) [18] 
 
 
(c)  McGinnis and Pessiki (2015) [19] (d)  Ruan and Zhang (2015) [20] 
Figure 4. Experimental figures of the previous research 
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Table 1. Comparison between previous SRM researches for concrete 
 SRM technique 
Measurement 
sensor 
Damage size (mm) Error (%) 
Diameter Depth 
Owens (1993) [12] Hole-drilling Strain gauge 75 50 ~ 100 5.3 
Parivallas et al. 
(2011) [17] Core-drilling Strain gauge 50 30 - 
Trautner et al. 
(2011) [18] Core-drilling 
Digital image 
correlation 150 15 ~ 311 10 
McGinnis and 
Pessiki (2015) [19] Core-drilling 
Digital image 
correlation 150 152 10 
Ruan and Zhang 
(2015) [20] 
Ring core-
drilling Strain gauge 53 50 < 10 
 
These efforts contain several limitations to investigate the accurate stress condition in concrete 
structures. First important limitation is a size of the core. The size of the core was generally large 
compared with that of hole and the outer diameter of the core in previous researches was from 50 mm 
to 150 mm [13-20]. This may include some difficulties to recover after the experiment or may cause 
structural defects in real structures. Another is measurement tools. Deformation due to SRM was 
commonly measured with strain gauges in most researches. In general, strain gauge was used to measure 
the released deformation and some relationship between measured values were explained to derive 
static stress in concrete [20-26]. However, a limited number of strain gauge is used in this method and 
it may cause less accuracy due to using the average value of the limited measurement points. In order 
to overcome these limitations, this study intends to introduce a method to measure the full-field around 
the applied damage using the vision-based image processing technique. 
To summarize the limitation of previous SRM researches to be applied to concrete structures,  
 Released deformation by SRM was captured by Rosette strain gauges. 
 Large damage is needed to attach the strain gauges and measured the deformation. 
 The number of strain gauges and measurement points is limited. 
 It leads to less accurate results due to using limited measurements. 
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2.3 Digital image correlation (DIC) 
 
Computer vision-based digital image processing approaches provide a convenient and effective 
means of measuring deformation. Digital image correlation (DIC) is one of the most widely used image 
processing methods. DIC is a non-contact deformation measurement technique using several images 
before and after deformation, and it can track the movement of each subset pixel by calculating the 
correlation which has the maximum value between 0 to 1 as shown in Fig. 5. To perform the DIC, small 
and irregular speckles need to be densely painted on the objective surface and this randomness can 
make a comfortable correlation calculation of pixels in DIC. DIC has been used in various fields ranging 
from microscopic deformation measurement to deformation measurement of large structure [26-36] and 
the efforts to apply DIC to concrete also have been conducted [37-39].  
 
 
Figure 5. Digital Image Correlation (DIC) 
 
DIC technique which can measure the desired full-field displacements had been introduced to 
overcome the limited measurement points in SRM. Some researches were performed with DIC to 
measure the deformation of concrete during SRM. Trautner et al. [18] worked identification of in-situ 
stresses in concrete using core-drilling method and DIC. In their work, the released displacements were 
measured by DIC instead of a strain gauge. Although the displacements were acquired on entire region 
around the core, the displacements which were not measured by DIC were linearly interpolated and 
three measurements were used to calculate the in-situ stress. Their work made a big contribution to 
evaluate the in-situ stress in concrete using both SRM and DIC with 10% error. However, it still remains 
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a problem of a big core size (150 mm diameter) and this may cause some troubles when applied to real 
structures.  
In this paper, ‘Ncorr’ MATLAB software developed by the Georgia Institute of Technology [40-
42] has been selected as a DIC software. ‘Ncorr’ is an open-source 2D DIC MATLAB software and it 
provides accessible and intuitive graphical user interface (GUI) as shown in Fig. 6. Examples of using 
‘Ncorr’ are shown in Fig. 7. ‘Ncorr’ provides various types of measurement values such as strain and 
displacement. Since strain is obtained by the spatial differential of the displacement, it is quite 
vulnerable to the noise around the hole that can be generated in the drilling. To minimize the influence 
of that noise, the size of the hole should be increased. However, the objective of this study is to estimate 
the stress of the concrete with the minimum damage size. Therefore, displacement measurement is used 
in this study instead of using the strain which should follow the increasing hole size. 
 
  
Figure 6. Graphical user interface of ‘Ncorr’ [40] 
 
  
 
(a) displacement (b) strain (𝜀௫௫) (c) strain (𝜀௬௬) 
Figure 7. Examples of using ‘Ncorr’ [4140] 
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CHAPTER 3. CONCRETE STATIC STRESS ESTIMATION 
 
This study proposes the static stress estimation method for concrete which combines SRM, DIC 
and newly developed stress estimation algorithm. Overview figure of the proposed method is illustrated 
in Fig. 8. Hole-drilling method is selected as an SRM to reduce the damage size and the released 
deformation near hole is measured by DIC. Obtained experimental displacement data can be optimized 
to evaluate the static stress in concrete through optimization process.  
 
 
Figure 8. Overview of the proposed method 
 
In optimal stress evaluation step, the newly developed algorithm for stress estimation is involved, 
which requires both data sets of experimental and FE models. FE model data can be obtained using 
commercial software, ABAQUS. The main idea is to find the optimal stress such that displacement 
fields of experiment and FE model match well (see Fig. 9). Those figures in Fig. 9 represent the 
displacement field data around a hole at the experiment and FE analysis, respectively. As shown in Fig. 
9, it seems that those two figures have similar shape, so the main idea of the proposed algorithm is to 
determine the optimal stress value which minimizes the difference of displacement field shape between 
experimental and FE model. It is assumed that displacement data in FE analysis depends on stress level 
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when it is under loading within elastic range. These two data will be used to estimate the static stress 
using the following a series of process. Flowchart of the proposed algorithm is illustrated in Fig. 10. It 
consists of two steps; Step 1: Coordinate transform of experimental displacement and Step 2: Optimal 
determination of the static stress.  
 
 
Figure 9. Main idea of static stress estimation algorithm 
 
 
Figure 10. Flowchart of the static stress estimation algorithm 
 
Experiment FE Analysis
Experimental data FE model data
Coordinate transform of experimental displacement
Determine the normal 
vector
Coordinate transform to 
match two planes
Optimal determination of the static stress
Data set
Step 1
Step 2
Minimize shape difference between two 
displacement field
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 STEP 1: Coordinate transform of experimental displacement 
In the first step, coordinate transform is conducted. The FE model of the concrete specimen is 
modeled as a reference using commercial software, ABAQUS. The FE model is designed to have the 
same properties with the actual concrete specimen and experimental condition which was used in real 
experiments. Detail description is represented in Table 2. Thus, released displacement field data around 
the hole due to hole-drilling can be obtained from experiment and FE analysis.  
 
Table 2. FE modelling condition 
Concrete specimen size 100mm×100mm×400mm 
Elastic modulus 24.9GPa 
Hole diameter 20mm 
Hole depth 40mm 
Loading stress 15MPa 
 
 
Figure 11. Displacement field data of experiment and FE model 
 
Fig. 11 shows the plotted displacement field of each data. One noticeable thing in Fig. 11 is that 
a certain plane is penetrating each data set. In other words, each data set can be represented to the 
Experiment
FE model
𝒆
𝒇
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particular plane and its normal vector which penetrates through data as shown in Fig. 11. Through this 
feature, a relationship between two data sets can be obtained by calculating the equation of the plane 
and its normal vector. To determine the normal vector of each plane which is made by displacement 
field as shown in this Fig. 11, the least square method is used. Then, the obtained normal vectors are 
used to coordinate transform to match two planes. In Fig. 11, 𝑒  and ?⃗? means normal vectors of 
experiment and FE analysis, respectively. Likewise, 𝑈௘ and 𝑈௙ means displacement field data of 
experiment and FE analysis, respectively. 
Eq. (1) is the general equation of the plane, and its normal vector, 𝑛ሬ⃗ , is denoted in Eq. (2) where 
a, b and c are the components of normal vector. In Eq. (1), x and y values represent the location in the 
cylindrical coordinate system and z values are the obtained displacement values. d is the distance from 
the origin to the plane. 
 
 ax by cz d    (1) 
 
 
a
n b
c
 
   
  

 (2) 
 
To solve the normal vector of each data, the least square method can be used, and general regression 
equation is shown in Eq. (3). A is a matrix composed of x, y, and z in Eq. (1) and this matrix has a size 
of the number of data points by 3. B is a vector composed of d in Eq. (1). Final result, 𝑛ሬ⃗ , in Eq. (4) 
shows the normal vector of each plane and it is used to identify the relationship between both data. 
Here, A† in Eq. (4) means pseudo inverse of matrix. After calculating normal vectors, angle, θ, between 
them can be determined using Eq. (5).  
 
 An B  (3) 
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 †n A B  (4) 
 
 1cos a e
a e
  
 
   (5) 
 
The obtained angle, θ, is used to transform the experimental data through rotational transform to match 
both normal vectors and planes each other. Eq. (6) shows the equation of coordinate transform which 
transforms experimental data to FE analysis data. H is rotational matrix depending on θ and 𝑇௖ is 
translation vector to move the experimental data to FE model data. 𝑈௘,௧  means transformed 
experimental displacement field data from 𝑈௘. Fig. 12 shows the final matched both planes and normal 
vectors through coordinate transform and final transformed displacement field data. 
 
 , ( )e t e cU H U T   (6) 
 
 
Figure 12. Matched both planes and normal vectors through coordinate transform 
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 STEP 2: Optimal determination of the static stress 
In the second step, the optimal stress value can be estimated which has the smallest error. In 
other words, after step 1, the optimal stress can be determined when the difference of two displacement 
field shapes is minimized as shown in Eq. (7). 𝑈௙(𝜎) varies depending on the stress value, 𝜎, when 
it is assumed within elastic range. 𝑈௙(𝜎) is then determined when the difference between FE model 
(𝑈௙(𝜎)) and experimental (𝑈௘,௧) displacement field is minimized. Using those values, optimal stress 
value can be subsequently obtained by using Eq. (8). 𝜎ிாெ is the stress value in FE analysis when 
Eq. (7) has the smallest value.  
 
  2,min ( )f e tU U    (7) 
 
 ,f e t FEM
f f
U U
U U
 



 (8) 
 
Fig. 13(a) shows both displacement field data before data processing and here, reference loading 
stress of FE analysis data is an applied loading stress during the experiment as shown in Table 2. As 
shown in Fig. 13(a), two data show some differences and to estimate the static stress, the proposed 
algorithm is applied. Fig. 13(b) shows the final matched displacement field of both data after conducting 
static stress estimation algorithm. The optimal stress value can be determined when the difference 
between them is the smallest.  
 
 
16 
 
 
(a) Original shape of experimental and FE analysis data 
 
(b) Transformed shape of experimental and FE analysis data 
Figure 13. Final transformed displacement field shape of experimental and FE analysis data 
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CHAPTER 4. PARAMETRIC ANALYSIS: Effect of hole diameter and 
depth 
 
To validate the proposed method, the decision of the hole size, which is used in hole-drilling 
method, is needed. The purpose of the parametric analysis is to minimize the size of damage which is 
recovered after experiment in the real field. Parametric analysis is also conducted in FE analysis using 
ABAQUS. In this study, the important parameters are hole diameter and depth which decide hole size. 
So, this analysis is performed with changing hole depth and diameter value. The FE modelling condition 
used in parametric analysis is shown in Table 3 and Fig. 14.  
 
Table 3. FE modelling condition in parametric analysis 
Concrete specimen size 150mm×150mm×300mm 
Elastic modulus 24.9GPa 
Hole depth 0 ~ 120mm 
Hole diameter 0 ~ 40mm 
Loading stress 15MPa 
Measured area Φ80mm ~ Φ140mm 
 
 
Figure 14. FE modelling in parametric analysis 
 
18 
 
 
 
Fig. 15(a) is the graph showing the mean displacement value along the depth of the hole when 
hole diameter is 20mm. The mean released displacement due to hole-drilling is increasing as the hole 
depth increases. In this case, larger displacement is preferred to measure easily and accurately by DIC. 
However, as considering that most common concrete cover in reinforced concrete and prestressed 
concrete is 50mm, the hole depth is determined with 40mm.  
 
(a) Result with changing depth 
 
(b) Result with changing diameter 
Figure 15. Mean displacement along change of parameters 
m
ea
n 
di
sp
 (m
)
Thickness of 
concrete cover
Hilti TE50 drill bit diameter
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Fig. 15(b) is the graph showing the mean displacement value along the diameter of the hole with 
the fixed hole depth as 40mm. Hole diameter in this parametric study varies from 0 to 40mm. Only 
three types of drill bits, which are used in the experiment, are sold in the market, and each has a diameter 
of 12, 20 and 30mm. Because the smaller diameter is needed to minimize the size of damage, the 12mm 
drill bit is preferred. However, the obtained mean displacement of this case (diameter of 12mm) is too 
small to be measured with DIC. These small displacements may be hidden in the experimentally 
generated noise during drilling. Therefore, the hole diameter is decided as 20mm. 
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CHAPTER 5. EXPERIMENTAL VALIDATION 
 
In this chapter, the proposed method for estimating the static stress in concrete is validated with 
laboratory scaled experiments. The incorporation of SRM, DIC, and the developed algorithm for data 
processing is used to estimate static stress levels of concrete specimens and tested its performance. 
Experimental setup and test configuration are explained, and final performance results are followed. 
 
5.1 Experimental setup 
 
Before stress estimation experiments, preliminary experiments are conducted to decide the 
ultimate compressive strength and elastic modulus of the concrete specimen. The concrete specimens 
used in experiments have 24.9GPa of the elastic modulus and 39.3MPa of the ultimate compressive 
strength which are obtained from the compressive strength test of concrete specimen (see Table 4 and 
Fig. 16), and 0.17 of Poisson’s ratio, which are a general value in concrete. After preliminary 
experiments, the concrete specimen is under 15MPa loading by universal testing machine (UTM) and 
it is assumed that this loading strength is within the elastic range because it is under 50% of the 
compressive strength of the concrete (see Table 4 and Fig. 17). In other words, the concrete specimen 
is subjected to loads within the elastic range so plastic deformation does not occur during the experiment. 
 
 
Figure 16. Compressive strength test on the concrete specimen 
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Table 4. Compressive strength test of concrete specimen 
Specimen Compressive strength (MPa) 
Strain at maximum 
compressive stress 
Experimental elastic 
modulus, E௙௖ (GPa) 
1 38.4 0.0034 18.3 
2 39.9 0.0028 31.8 
3 40.5 0.0029 24.7 
Average 39.3 0.0028 24.9 
 
 
 
Figure 17. Stress-strain curve of concrete specimen 
 
Concrete specimens which is used in experiment are two types; one is 100mm×100mm×400mm, 
called ‘Type 1’, and the other is 150mm×150mm×300mm, called ‘Type 2’ as illustrated in Fig. 18. 
Diameter and depth of hole in hole-drilling is 20 mm and 40mm, respectively, which was determined 
in parametric analysis (in Chapter 4). Random speckled pattern is painted in concrete surface to measure 
deformation by using DIC (See Figure 18). The speckled pattern is preferred to have more randomness 
to calculate correlation of each pattern and vision-based deformation measurement is implemented. In 
this study, DSLR camera is used to take the pictures before and after hole drilling and at this moment, 
distance from concrete specimen to camera is about 1m. Test configuration is shown in Fig. 19 and 
experimental condition is represented in Table 5.  
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(a) Type 1 concrete specimen 
 
 
(b) Type 2 concrete specimen 
Figure 18. Concrete specimen dimension 
100mm
100mm
400mm
150mm
150mm
300mm
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Table 5. Experimental conditions 
Concrete specimen size 
Type 1 100mm×100mm×400mm 
Type 2 150mm×150mm×300mm 
Elastic modulus 24.9GPa 
Poisson’s ratio 0.17 
Hole diameter 20mm 
Hole depth 40mm 
Loading stress 15MPa 
 
5.2 Results and analysis 
 
Fig. 20 shows vision-based experimental result of “Type 1” specimen before and after hole-
drilling and DIC image processing, respectively. DIC provides the released displacement measurement 
around the hole after hole-drilling and this displacement data can be used to data processing for 
estimating the static stress. However, raw displacement data right near the hole have tremendous noise 
  
(a) Test configuration (b) hold-drilling 
Figure 19. Experimental configuration 
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due to hole-drilling tools (in this case, drill), so some parts should be excluded to minimize the noise 
effects. Displacement measurement region around the hole is decided empirically through several 
experiments and it is illustrated with yellow circle in Fig. 20. Fig. 21 shows the experimental results of 
“Type 1” specimen, specifically “Test 3” among several test results. As comparing the FE modal and 
experimental measurement field (see Fig. 21(a)) and applying the proposed algorithm, the static stress 
level of concrete can be estimated. Fig. 21(b) shows the final transformed and matched displacement 
field shapes of both data and the stress level of this concrete specimen is determined when two data are 
matched well. 
 
 
Figure 20. Pictures before and after hole-drilling and DIC results – Type 1_Test3 
  
 
(a) Original shape of experimental and FE analysis data 
FE model Experiment
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(b) Transformed shape of experimental and FE analysis data 
Figure 21. Experimental results – Type 1_Test3 
 
Likewise, Fig. 22 shows the result figures of “Type 2” specimen before and after hole-drilling 
and DIC processing. Having same process with type 1 specimen, Fig. 23 also shows the final stress 
estimation results of “Type 2” specimen, specifically “Test 10”. Fig. 23(b) shows the final transformed 
and matched displacement field shapes of both data. Note that only yellow circle part in Fig. 20 and 22 
is considered as a measurement region, which is area from Φ 35mm to Φ 45mm from the center of 
circle.  
 
 
Figure 22. Pictures before and after hole-drilling and DIC results – Type 2_Test10 
Experiment, 
transformed
FE Analysis
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(a) Original shape of experimental and FE analysis data 
 
(b) Transformed shape of experimental and FE analysis data 
Figure 23. Experimental results – Type 2_Test10 
 
Total 13 tests are conducted. ‘Test 1 ~ 9’ are implemented on type 1 specimen and ‘Test 10 ~ 13’ 
are implemented on type 2 specimen. The experimental results are tabled with estimation stress value 
and error in Table 6. Average accuracy is found to be 13.6% for all tests, 16% for type 1 specimens and 
8% for type 2 specimens. Fig. 24 shows the error bar of each tests. Some results have large error over 
20% and it is presumed that some uncertainties of concrete property and experimental condition may 
be included. Possible things can be that each concrete specimen has different value of elastic modulus 
FE model Experiment
Experiment, 
transformed
FE Analysis
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and strength and it is subjected to inhomogeneous loading pressure inducing eccentric load during 
experiment because of poor-shaped specimen or instrumental problem. In addition, when taking 
pictures during experiment, camera can be slightly moved due to small vibration during hole-drilling. 
Change of camera location can make enormous effects to the DIC displacement results since the 
displacement values covered in this experiment are extremely small as 10-3 mm. These mentioned things 
are still remained to improve in further study. Even though the highest error is over 30%, the proposed 
method is validated to be able to estimate the static stress state in concrete while reducing the size of 
damage. 
 
Table 6. Experimental results 
Test Specimen type Reference (MPa) Estimation (MPa) Error (%) 
1 Type 1 13.8 14 1.45 
2 Type 1 13.8 15.1 9.42 
3 Type 1 13.6 12.4 8.82 
4 Type 1 13.8 11 20.3 
5 Type 1 14.1 13 7.8 
6 Type 1 14.2 16 12.68 
7 Type 1 13.8 17.1 23.91 
8 Type 1 13.2 16.7 26.52 
9 Type 1 14 9.3 33.57 
10 Type 2 13.5 12.7 5.93 
11 Type 2 13.95 13.7 1.79 
12 Type 2 14.1 12 14.89 
13 Type 2 14 12.6 10 
Average 13.6 
 
 
 
Figure 24. Experimental results 
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CHAPTER 6. CONCLUSION 
 
As increasing issue about structural safety, demand to identify and monitor the current state of 
structure is also increasing. Most structures have been built of concrete, so technique to diagnose the 
safety of concrete structures becomes important. One of such techniques is to evaluate the current stress 
state in concrete. Current stress level in concrete is important factor to check the safety level and load 
distribution in the structures in service. Objective of this study is to develop static stress estimation 
technique which can be applied to real concrete structures. This study proposed the semi-destructive 
static stress evaluation technique with incorporating the stress relaxation method (SRM) and computer 
vision-based digital image correlation (DIC).  
 The existed static stress in concrete could be released by SRM, in this study, hole-drilling 
method was used. Released deformation by stress relaxation was captured by DIC and static stress could 
be estimated based on the relaxed displacement. Note that the full-field released displacement around a 
hole can be measured through DIC. FE model of concrete specimen was modelled as a reference using 
commercial numerical modelling software and it was used in developed static stress estimation 
algorithm with experimental data. Main idea of the proposed method is to find the optimal stress value 
which makes minimum difference between FE analysis data and experimental data. Parametric analysis 
was conducted to decide the optimal hole size to minimize damage in concrete. The proposed method 
including the results of parametric analysis was validated with several laboratory-scaled experiments 
on concrete specimens loaded by the universal testing machine. Total 13 tests were conducted; Test 1~9 
were conducted on type 1 specimen and Test 10~13 were conducted on type 2 specimen. Even though 
some results showed large error, overall static stress estimation results for concrete were estimated with 
13.6% average error.  
This study has some limitations to apply immediately to real structures. Because of some large 
errors in conducted experiments, it is needed to improve accuracy for applying to real structures. This 
study considers only uniaxial loading condition whereas the real structures can be loaded by uniaxial, 
biaxial or multiaxial loading stress. It is necessary to strengthen the performance of the algorithm for 
successfully estimating the static stress of concrete even under the multiaxial load conditions. The other 
improvement thing is a decision of measurement region which was decided empirically. By obtaining 
more experimental results, the optimal measurement region can be determined that makes minimum 
estimating error. Meanwhile, some efforts considering uncertainties of concrete and taking images at 
flexible location should be also followed in further study to apply to real structures with high accuracy. 
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With mentioned further improvements, this technique will be expected to investigate a safety 
assessment of the concrete structures. 
To summarize the conclusions, 
 In this study, a DIC-based technique was developed for evaluation of static stress on concrete 
incorporating the stress relaxation method. 
 Static stress estimation algorithm was developed and verified through experiments on lab-
scaled specimens. 
 Accuracy of experiments was found to be about 14%. 
 With further improvements, this technique is expected to be useful for safety assessment of 
aged concrete structures. 
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